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Summary

In support of the HanfordSite cleanup, electrodialysis is being investigated as a method to sepa-
rate aqueous sodium (Na+) andcesium (Cs+) ions. The approachhas many advantages over existing
separation technologies; in particular,electrodialysis creates little secondary waste while producing
usable acid andbase streams.

The fundamentals of electrodialysis arc presented in this reportto provide a foundation for
interpretingexperimental data. A flat-plate laboratory-scaleapparatuswas used to determine the
feasibility of separatingNa+/Cs+ mixtures by electrodialysis. The results showed that Cs. is preferen-
tially separatedover Na+ by a factor of 2 to 3 using a Nation@ 417 cationic membrane. The separa-
tion is relatively insensitive to solution ionic strength and flow-ratevariations. The currentefficiency
of the separationranges from 0.60 to 0.65 depending on the applied voltage.

The laboratory-scale system was characterizedby dimensional analysis, which demonstrated
that the process could be scaled up to a size attractive for the volume of waste at the HanfordSite.
Preliminary experiments on a bench-scale system were also conducted. The initial results showed that
the current-voltage response of the laboratory- and the bench-scale unit is identical.

,.Q
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1.0 Introduction

The U.S. Department of Energy's Hanford Site in Richland, Washington, has 177 underground
storage tanks containing approximately 61 million gallons of high-level radioactive waste. The cur-
rent cleanup strategy is to retrieve the waste and separate the components into high-level waste and
low-level waste. Many of these tanks contain high concentrations of sodium (Na+) and relatively low
concentrations of radioactive ions such as cesium (13vCs+). Limits have been Set on allowable concen-
trations of radioactive ions in the final waste form to ensure that the tank waste and the final waste

form are compatible, form a stable product, and meet regulatory standards (Straalsund et al. 1992;
Swanson 1993). Therefore, it is necessary to preferentially remove and concentrate certain radio-
active ions from the tank waste stream prior to final disposal.

The separation of Cs+ ions from highly concentrated Na+ solutions is exceptionally difficult for
two reasons: 1) in aqueous solutions, Na+ ions are hydrated with 4-5 water molecules, which increases
the effective diameter of the solvated ion to approximately that of Cs+ ion, and 2) the ions are of

_equal charge. These similarities create numerous problems when traditional separations methods,
such as ion exchange, solvent extraction, and precipitation, are applied• Separation of Na+ and Cs+
by ion exchange is strongly influenced by the similar size and charge of the ions. Na + and Cs+ com-
pete equally for ion exchange sites and reduce the selectivity of the exchange material. The low
capacity of the exchanger creates the need to use high volumes of exchange material and eluants.
Although recent advancements in the silicotitinate material appear promising, most other ion

• exchange materials do not perform as effectively or are toxic• Solvent extraction requires high vol-
umes of diluant organics to provide adequate separation of Cs+. Unfortunately, the organics used are
typically toxic and pose regulating and permitting problems. Separation of Cs+ by precipitation is a
relatively inefficient process because many other ions coprecipitate with Cs+. This method is not
selective and post treatment of the precipitate is required. Finally, all of these techniques suffer from

inherently generating secondary waste during operation.

The problems associated with the traditional separation methods have prompted Pacific
Northwest Laboratory (PNL)(a) to investigate electrodialysis and other potential technologies for
Na+/Cs+ separation. Electrodialysis combines an applied electric field and charge selective mem-
branes to facilitate ion separation. The primary advantage to this method is that little secondary waste
is produced during separation. Instead, acid and base streams are generated that can be used else-
where in the overall tank waste remediation scheme. In addition, the process is continuous and robust
enough to treat a wide variety of waste streams. Electrodialysis is already used extensively in indus-
try. The practical and theoretical understanding of the transport processes is well documented; how-

ever, the technology is just now emerging as a method for radioacti_'e waste treatment. This report
provides an overview of the electrodialysis technology and discusses experiments conducted at PNL

• to separate aqueous Na+ and Cs+.

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under
Contract DE-AC06-76RLO 1830.
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2.0 Eiectr0dialysis Technology

Electrodialysis has been widely used both in industry and research laboratories to separate
chargedspecies. The driving force for ion separationis provided by an electric field that is applied
across two electrodes: an anode and a cathode. The anode is positively chargedand attractsanions,

" while the cathode is negatively charged and attractscations. Membranes are inserted between the elec-
trodes to selectively allow either positive or negative ions to pass. Membranes that allow transportof
positive ions are called cationic, and those that transportnegative ions are called anionic. Recently,
membrane technology has advanced to produce stable, efficient membranes that do not degrade over
extended use. This development has allowed electrodialysis to become a viable and attractive process
for nuclearwaste separations. Also, electrodialysis is most cost effective when ions are at low con-
centrations,which is often the case in nuclear waste applications.

2.1 Brief History of Electrodialysis

The basis for electrodialysis is founded on the work of Ostwald (I890) at the turnof the cen-
tury. He used semipermeable membraneswith limited ionic selectively to treat electrolyte solutions.
Ostwald suspected there was a "membrane potential" at the interface between the membrane and the

•solution which created the observed concentrationdifference. Later, Donnan (191 I) explained this
phenomenon by describingthe selectivity of a cationic membrane. Donnan explained, for a cationic
membrane, a negatively charged ion is repelled or excluded from the internalstructure of the mem-
brane because of the fixed negative charges within the polymer membrane matrix. This exclusion is
strictly based on the ion charge and is commonly termed Donnan Exclusion. A thermodynamic treat-
ment of this phenomenon was presented by Donnan and Guggenheim (1932), and they determined
that the concentrationof the anions in the pore of a cationic membranewas proportional to the
squareof the anion concentrationof the external solution. Additional studies were conducted by
Morse and Pierce (1903) and variousGerman (1889, 1900) andBritish (1896) researchers. Later
investigations of electrodialysis included Michaelis andFujita (1925), Manegold and Kalauch (1939),
and Meyer and Straus (1940). A "fixed-charge" theoretical treatmentof ion-selective membranes
was developed by TeoreU (1935) andMeyer and Sievers (1936). These works provided a theoretical
basis to develop synthetic ion-selective membranesduring the early 1940s.

The first "three-compartment cell" was introduced by Pauli (1922). Pauli's cell performed a
relatively inefficient desalination or "salt splitting" process as compared to today's standards,but the
cell configuration is still commonly used. A simplified schematic diagramof the concept is shown in
Figure 2. I. The figure depicts cationic and anionic membranes sandwiched between two electrodes,
creating three internal compartments. The solution flowing in the compartmenton the anode side is
termed the anolyte, while the solution on the cathode side is termed the catholyte. A salt solution is
fed to the center compartment,and the charged ions are isolated,or "split" as a potential is applied
across the electrodes. Anions are transported toward the anode and cations toward the cathode.

Figure 2.1 also shows the generation of hydrogen ions (H+) at the anode and hydroxyl ions
(OH-) at the cathode. This occurs if the applied potential is sufficiently large enough to reduce water
at the cathode and oxidize waterat the anode. The reactions are shown below:
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Figure 2.1. Simplified Schematic of Electrodialytic Separation of Sodium andNitrate Ions

Anode" 2H20 __ 02(8) + 4H + + 4e" (1)

Cathode" 4H20 + 4e" __ 2H2(g ) + 4OH" (2)

These reactions are very importantbecause the free H+ and OH-ions can combine with co-ions
transported from the center compartmentto generate useful acid or base streams. Therefore, the
overall electrodialytic process can desalinate a highly concentratedsalt feed into a alkaline stream
(catholyte), an acidic stream (anolyte), and a low concentration salt effluent.

2.2 Ion Exchange Membranes

Ion exchange membranes consist of a film of polymer resin or matrix with fixed moieties of
positive or negative charge. As mentioned above, if the moiety is negative the membranewill reject
negative ions (cationic), and if the moiety is positive the membrane rejects positive ions (anionic).
The membranes are produced by synthesizing a polymer "backbone" or support and then reacting
the polymer with an acid or base to permanently "fix" a charged site within the polymer matrix.
Table 2.1 lists some of the common functional groups used as fixed charges on a membrane back-
bone. Synthetic forms of membraneswere introduced in the 1940s and initially were based on
phenol-formaldehyde backbone polymer. Later, other methods evolved (Strathman 1991), including
a styrene polymerized with divinylbenzene backbone that was subsequently sulfonated or aminated to
yield a cationic or anion membrane, respectively. One of today's most popular membranes,
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Table 2.1. Fixed ChargeMoieties Used for Cationic and Anionic Ion Exchange Membranes

Cationic Moieties Arlionic Moieties

SO-3 NH+3

COO- RNH+2

' PO'2 R3N+

RSO-23 R2N+

HPO-2 R3P+

SeO-3 R2S+

Nation@, is produced by polymerizing a vinyl ether copolymer with tetrafluoroethylene. The appen-
dix provides a list of manufacturersandproperties of commercially available ion exchange mem-
branes for electrodialysis.

The microstructureof an ion exchange membrane is illustrated by the simplified cross section
of a cationic membrane shown in Figure 2.2. The shaded portions represent the polymer backbone,
and the fixed charged sites are sulfonate groups. The negative fixed charges attractpositive ions,
such as Na., which migrate anddiffuse throughthe porous membrane toward the cathode.

[ I .... ,': .'.': .' .::.'.,:::.:.i,::.!:!:::::
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Figure 2.2. Cross Section of a CationicElectrodialysis Membrane with Sulfonate Fixed Charges
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The physical and chemical propertiesof ion exchange membranes can be tailored for a par-
ticular application. The backbone polymer matrix defines the mechanical strength, and the fixed
charges define the ion selectivity and electrical resistance. These propertiescan then be optimized by
varying the degree of hydrophobic or hydrophilic character, distribution of the fixed-charge density,
degree of crosslinking, and other parameters. A brief list of desirablemembrane properties is given
in Table 2.2.

Table 2.2. ImportantProperties of Ion Exchange Membranes Used for Electrodialysis

• High Ionic Selectivity

• Low ElectricalResistance

• Low Back Migrationof Ions

• Good Mechanical Strength and Durability

• Chemical and Thermal Stability

• Rapid Recovery From OperationalUpsets

• Inexpensive

In practice, varying membrane properties has opposing effects,and, therefore, compromises
must be made. For example, a high degree of crosslinking will provide good mechanical strength
and durability. This is necessary to prevent the membrane from fluttering undercell compression
and usually increases the membranes chemical stability. However, high crosslinking also decreases
the electrical conductivity of the membrane,and, therefore, higher voltages must applied to maintain
a constant currentflow.

2.3 Mass Transport

The transportphenomena relevant to understandingelectrodialysis flow cells are presented
here. These phenomena include a definition of mechanisms of transport, a limiting current, and
relation of measured variables to dimensionless parameters.

2.3.1 Mechanisms of Transport

For an electrochemical system, an overall mass balance on a particularionic species is described
as: the accumulationof ionic species, i, is equal to change in the flux of i plus a generationor deple-
tion term due to reaction. Mathematically, this is expressed by:

= " V'Ni + Ri (3)dt
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where Ci is the concentration, Ni is the flux density, Ri is a reactionterm, andt is time. The definition
ofa fluxdensityincludesthreemodesofiontransport:migration,diffusion,andconvection.Fora
dilutesolution,thefluxdensityofanionicspeciesisgivenbelow:

Ni = - ziuiFCiV_- DiVCi + Civ (4)

' where zi is the valence state, ui is the ionic mobility, F is Faraday's constant,• is the applied potential,
Di is the diffusivity, andv is the fluid velocity vector. The contributionsof the terms in Equation (4)
are from migration,diffusion, and convection, respectively. These mechanisms are briefly described
below.

Transportby convection typically occurs from an external input of mechanical energy such as
stirringor agitation. This mechanism is normally the predominantmode of ion transport for an elec-
trochemical cell. In electrc_ilalysis,convection is promotedby mesh screens within flow distributors.
The screens create a tortuouspath for fluid flow and force the fluid to travel at high velocities. There-
fore, the inertia forces of the fluid dominate the viscous forces and uniform mixing is achieved.

Ionic migration is driven by the applied electric field and is purely electrostatic. The process
does not distinguish between a supportingelectrolyte and a specific electroactive species. Therefore,
the charge can be carriedby the supporting electrolyte or the electroactive species. In solutions with
large excess supporting electrolyte, migration does not contribute significantly to ionic transport
because little charge is transportedby the electroactive species. However, in dilute solutions or
depleted regions this mechanism can dominate mass transport. It should be noted that the ionic
mobility andthe diffusion coefficient are related at infinite dilution by the Nemst-Einstein relation:

Di = RTui (5)

where R is the universal gas constant and T is the solution temperature.

The concentrationgradientestablished between the membrane or electrode and the bulk solu-
tion controls the contribution of diffusion to ion transport. Figure 2.3 shows concentration gradients

on both the anode and cathode side of a cationic membrane. The laminar boundary layer region, 8,
defines a region where the majority of the concentrationand potential changes occur. This is com-
monly referredto as the Nemst-diffusion layer. Although the gradient is drawn with a linear slope, in
practice, there is curvatureto this profile. Ion transport is dominatedby diffusion within the Nemst
layer, but outside the layer convection controls transport. As will be described below, the stagnant
Nemst region is where mass transport is limited in most electrochemical systems.

2.3.2 Limiting Current

"Asthe potential is increased in an electrochemical process, the concentration of the electroactive
species is depleted at the reacting surface. This depletion can occur both at membrane and at elec-
trode surfaces (Figure 2.3). When depletion occurs, it limits the transport of charge carrying species
and thus limits the system operatingcurrent. If the interfacialconcentrationof the reacting species is
reduced to zero, the corresponding current is termed the "limiting current." It is very importantto
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Figure 2.3. ConcentrationGradients on Anode and Cathode Side of a Cationic Membrane
at Steady State

quantify this parameterfor practical applications of electrochemistry. If the currentof the system is
driven above the limiting value, other, typically unwanted, side reactions such as waterelectrolysis will
occur. Under these conditions, a decrease in the currentefficiency of the desired reaction will result
in an increase in operating costs.

Figure 2.4 shows a typical current versus voltage curve for an electrodialysis process depicting
three characteristic regions (Helfferich 1959; Spiegler 1971; Forgaces et al. 1972). In Region I, the
current increases almost linearly with the applied potential. This response is due to ohmic behavior
of the solution and is controlled by a mixture of electron and mass transfer. As the potential
increases, the current begins to approach a constant value or plateau shown as Region II in Fig-
ure 2.4. Here, a fully developed boundary layer is established at the membrane interface and the
current is limited by the mass transport of current carrying ions within the diffuse layer. Finally, at
higher potentials, side reactions are forced in Region III. Many investigators have attempted to deter-
mine which reactions are most probable in this region, but currently there is no unifor_n consensus
(Rosenberg and Tirrell 1957; Gregor and Peterson 1964; Block and Kitchener 1966; Brady and
Turner 1978; Makai and Turner 1978; Rubinstein and Shtilman 1979; Rubinstein and Segel 1979;
Rubinstein 1981; Bassignana and Reiss 1983). The secondary reactions typically postulated are
either the oxidation or reduction of water, while others have attributed the increased current to
breakdown to electroneutrality (Taky et al. 1992a,b). The following discussion will focus on

• Region II where the current is under mass transfer control.
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Figure 2.4. Characteristic Current Versus Voltage Curve for an Electrodialysis Process

Within the boundary or Nemst-diffusion layer, the contributions of convection are negligible
and ionic transport is dominated by diffusion and migration. Therefore, Equation (4) can be sim-
plified and is shown below in one dimension for Cartesian coordinates:

Ni = . ziuiFC i dO Di dC i" dx (6)

By applying the Nemst-Einstein relation, Equation (6) is expressed as:

Ni = " DiLl,RT )-_-x + dx .] (7/

Equation (7) describes the mass transport within the diffuse layer in the most general case, where
migration effects are significant. However, for most practical applications, solution ionic strengths are
large and migration transport can be neglected.

The current in an electrolytic cell is caused by the movement or flux of ions in solution. The
ionic flux is related to the cell current, I, by:

I = FEziNi (8)
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For high ionic strengthsolutions, the flux resulting from diffusion is substituted into Equa-
tion (8) to yield:

-I = zAFD dC
d"x" (9)

where A is the active electrode area. The limiting currentoccurs when the interracialconcentration
drops to zero and is given by:

-IL = zAFD Cb8 (I0)

where Cbis the bulk solution concentration. Although this a simple treatment,Equation (I0) shows
the influence of controllable parameterssuch as electrode area, thickness of the diffuse layer, and
bulk concentration of the electroactive species. At steady state, the limiting currentcan also be
written in terms of the mass transfer coefficient, kin:

-I L = zAFkmC b (11)

When Equations (10) and (11) are compared, it is clear that km= D/8.

2.3.3 Dimensionless Parameters

The relative thickness of the diffuse layer is a function of the fluid physical properties and the
fluid velocity. A typical boundarylayer thickness is approximately 10-2cm and is more specifically
characterizedby the ratio of fluid viscous forces to inertiaforces. This is represented by a dimen-
sionless variable called the Reynolds number, Re, and given by:

Iv

Re = _ (12)V

where I is a characteristiclength and v is the kinematic viscosity. The boundarylayer thickness is
inversely proportional to the Re (Schlichting 1979). Therefore, operating the fluid at a high Re
decreases the diffuse layer thickness andcorrespondingly increases the mass transfer coefficient. In
practice, a high Re is obtainedby operating at large flow rate or inserting turbulentpromoters which
force the fluid to mix vigorously.

In industry,there is a wide variety of electrochemicalcell geometries, electrodes, and flow
patterns. Normally, the flow fields are too complex to warrantexact numerical solutions for the
velocity profiles by fluid mechanics. Instead, expressions are sought thatuse space-averaged
quantities while permitting insight into the mass transfercharacteristics. A very useful method
incorporating this logic is dimensional analysis.
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Dimensional analysis provides correlations that express the mass transport characteristics in
terms of the fluid flow conditions and the electrolyte properties. This approachalso facilitates
analogies between heat and momentum transfer. In the most general case. a correlation describing
mass transport by convective-diffusion is given below:

Sh = aRebScCGrd (13)

where

shffi
D (14)

v
Sc ffi

D (15)

13gp AO
Gr = g-_ (16)

p is the fluid density; tt is the fluid viscosity; g is the gravitational constant; and a, b, c, and d are
empirical constants. Equation (13) includes contributions from both forced and free convection.
The dimensionless groups defined in Equations (14-16) are termed the Sherwood number, Sh; the
Schmidt number, $c; and the Grashof number, Gr. The Sherwood number is a measure of the rate of
mass transportand is related to the limiting currentby the mass transfercoefficient. The Schmidt
numbercompares the rate of transport by convection to that by diffusion. Thc Grashof number
represents the ratio of buoyancy forces to viscous forces in a free-convection flow system.

Most electrochemical applications operate under well-mixed conditions in which forced
convection dominates. Under these circumstances, the Gr number is negligible and Equation (13)
simplifies to:

$h = aRebScc (17)

Equation(17)hasbeenappliedtomanydifferentelectrodegeometries.Table2.3listssomeof
theempiricalconstantsforvariouselectrodeconfigurations(Walsh1993).As seenfromTable2.3,
theRe exponentincreasesastheflowconditionschangefromlaminartoturbulent.Inaddition,the

valueoftheScexponentistypicallyI/3,whichcompareswellwithknownhydrodynamictheory.

2.4 Applications

In most industrial applications, electrodialysis is performed in a "stack" configuration. The
process is operated continuously with streams flowing either cocurrent or countercurrent. The cell is
assembled by alternately stacking cationic and anionic membranesbetween two parallel flat-plate
electrodes. Spacersand flow distributors are placed on either side of the membranes to direct flow
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Table 2.3. Averaged-Mass TransportCorrelations for Various Electrode Geometries

Electrode Configuration Flow Conditions Coli'elation

Rotating Disk Electrode 10Z<Re<105 Sh - 0.62 ReO.5SCO.33
Re>106 Sh = 0.011 Reo.s7Sco.33

Rotating Cylinder Electrode 100< Re <105 Sh = 0.079 Reo.7Sc0.36

AnnularFlow Re<2000 Sh - 1.61 ReO.33SCO.33

Re>2000 Sh = 0.023 ReO.SSCO.33

ParallelPlate, Horizontal Re<2300 Sh = 1.85 ReO.33SCO.33
Channel Flow Re>2300 Sh = 0.023 ReO.SSCO.33

uniformly across the membraneand to promoteturbulence for mass and heat transferenhancement.
This design is commonly referredto as a "plate-and-frame"system. The flat geometry provides
easy assembly and cleaning, and a relatively uniform currentdistributionacross the electrode surface.
Figure 2.5 shows a process diagramof the stack configuration. Some of the common electrode
materials used in industryare listed in Table 2.4.

C A '_" A C A ( A

(.) ._ 'o "® "o A..,,.
(.)

,t /_ ,t, ,_ A ,t

C = CationicMembraneDiluteFeed A= AnionicMembrane

Figure 2.$. Flow Diagram of a CocurrentElectrodialysis Process
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Table 2.4. Anode and Cathode Materials Typically Used in Commercial Electrodialysis Units

Anode Materials Cathode Materials

Pt,Pt/Fi,Ir/Ti, Hg, Pb, Ni
Pt-lr/Ti(Pt/Nb_Pt/Ta)

PbO2 on Ti, Nb, or Carbon Steels andStainless Steels

Ni (alkaline media) TiOx

Pb (acid-sulfate media) Graphite

Dimensionally Stable Anodes Low H20verpotential Materials
(DSA): Ru-Ti Oxide on Ti for on Steel:Ni, Ni/Al, Ni/Zn
C12,frO2on Ti for 02

Magnetite: Fe3.xO4 HasteUoys:Ni-Mo-Fe, Ni-Mo-Cr

Conducting Ceramics: Ti407

Recent improvements in the performance of ion exchange membranes have allowed electro-
dialysis to be an attractivealternativefor many industries. Applications of electrodialysis include
brackishwater desalination, wastewater treatment,productionof table salt, productionof chlorine and
caustic soda (chlor-alkali industry),recovery of electrolytes, productionof ultrapurewater, demine-
ralizationof food products,electrochemical synthesis, nuclear waste treatment(Sugimoto 1978;
Rauzen et al. 1978; Moskvin et al. 1980; Gurskii and Moskvin 1987; Abdul-Fattah 1987), and others.
Production-scale units typically operate with 100 to 500 cationic-anionic membrane pairs per stack.
The exposed electrode area ranges from I to 70 m2. It should be noted that large-scale production
electrodialysis units are economically competitive with other membraneseparationtechniques such as
reverse osmosis, pervaporation, dialysis, and ultrafiltration.

Electrodialysis offers many advantages as a separationtechnology. The key featun'_of electro-
dialysis, setting it apartfrom other methods, is that no or little secondary wastes are generated upon
separation. This advantage is especially important for hazardouswaste treatment where handling
secondarywaste can control the economics of remediation. Also, the operating conditions of electro-
dialytic processes are attractive. Typical conditions include low temperature (< 70°C), continuous
flows, and accommodation of large pH variations (pH = 0-14). In addition, the process is inherently
modular, allowing simple scale-up procedures andprecise control of the separation. Another cost-
savings advantage is that during ion separation, acidic and alkaline streams are produced for use
elsewhere in the process or for resale as commodities.

Along with the many attractive aspects of electrodialysis, some potential disadvantagesneed to
be considered: membranefouling and precipitation of salts as ions are transportedacross compart-
ments of varying pH. In addition, the separationtechnique is limited to charged species or species
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thatare complexed with a charged !igand. Possible operatinghazards,that are easily dealt with in
practice, are the productionof hydrogecsgas at the cathode and the relatively large currentspassed
duringoperation. Under certain conditions hydrogen gas evolution can reach explosive limits;
however, in practiceoff-gas streams are routinelydiluted to safe levels with standardair blowers.
Also, the high currentsdo not represent a problem because of the low cell voltages used per module
or stack (< 100 V) and the use of safe designs which minimize possible exposure.

2.5 Economic Considerations

A simplified approachto evaluate the economics associated with an electrodialytic process is
outlined in detail by Pletcher and Walsh (1990). Their method is summarized below and considers
the total productioncosts of the cell alone, CTotal, tO be function of three cost components:

CTotal - CE + CEquip + CMix (18)

where CE is the cost to drive the electrolytic process, CEquip is the coSt tO purchase the electrolytic
reactoror capitalequipment, and CMixis the cost to mix or stir the electrolyte. All of these terms are
a function of the operating currentdensity and, thus, the importance of the limiting currentis appar-
ent. The ideal operating conditions will minimize the cell currentdensity while maximizing the
currentefficiency.

The cost to power the electrolytic process is given as direct function of the operating cell
potential. This is shown below:

CE = Wl q Ecell (19)

where Wt is the cost of electricity in dollars per kilowatt-hour,q is the total charge required for the
separation,and E_n is the appliedcell potential. The equipment cost associated with the cell is
linearly proportionalto the electrode area, A, required:

CEquip= W2 A (20)

where W2 is the cost per electrode area, and this cost is assumed not to change with currentdensity.
Finally, the electrolyte mixing costs are specific to the type of process geometry. In most cases, this
value can be estimated by:

CMix --- W 1Pt (21)

where P is the power requiredto mix or pump the electrolyte, and t is elapsed time.

The total productioncost is the combination of Equations (18-21) and is shown below:

CToud = WlqEce u + W2A + W1pt (22)
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Electmdialytic processes are commonly operated underconstant currentconditions, and, there-
fore, it is useful to express the total cost as a function of currentdensity, i. For galvanostat conditions,
q - i t, andEce_-- i RTwhere RTis the overall cell resistance. The total cost as a function of current
density is given by:

CTo_ = WlqiRT + W2A_ +it i (23)

The minimumtotalcostisobtainedbydifferentiatingEquation(23)andsettingthequantity
equaltozero:

dCTo_ OV2Aq/t) + WIPq
di = WI q RT - i2 = 0 (24)

Equation (24) can be rearrangedto provide the optimumoperating currentdensity, imin, as shown
below:

..

_ [(W2A/t) + Wlq]1/2imin L WtRT (25)

In general, the minimum currentdensity is a function of electrode area, cost factors WI andW2, and

overall cell resistance. The cost components and minimumcurrentdensity are shown graphically in
Figure 2.6.

/

- ..__ CT°ml

I CM_1 ,
CE

imin

CurrentDensity,A/an2

Figure 2.6. Cost as a Function of CurrentDensity for a Typical Electrodialytic Process
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3.0 Electrodialysis Experiments for Na+/Cs+Separation

The experiments for this study were conducted on both a laboratoryand a bench scale• The
laboratory study was used to screen the feasibility of Na+/Cs+separationusing electrodialysis, and the
bench-scale study provided data for process scale-up. Results are given for both parts of the experi-
mental work.

3.1 Equipment

This section describes the equipmentused for the electrodialysis experiments, as well as the
solution preparation and analysis.

3.1.1 Laboratory-Scale Equipment

The laboratoryexperimental apparatusconsisted of an electrodialysis cell, a centra_pumving
unit, flow meters, and a potentiostat. Figure 3.1 shows a schematic of the experimental sys,_em. An
ElectroCell AB Micro Flow Cell (ElectrosynthesisCo., Inc., Lancaster,NY) was used to pertbrmelec-
trodialysis experiments. The micro-flow cell was operatedin a three-compartmentconfiguration with
parallel fiat-plateelectrodes. The electrode materials were a nickel cathode and a dimensionally
stable anode designed for O2evolution in low pH solutions. A spacer with a mesh flow distributor
was inserted into each compartmentto provide a uniform and reproducible flow field for all experi-
ments. A Nation@ 417 cationic membranewas used for the Na+/Cs+ separation,and an RAI Raipore
R-1030 anionic membranewas used to prevent the migration of protons to the catholyte compart-
ment. Inert Kynar@gaskets were used to provide leak-tight seals aroundthe membranes, spacers,
and electrodes.

AcidStrmm
Fell

Nmtrld Feed

AlkalineStream

Figure 3.1. Block Diagram of the Experimental ApparatusUsed to Separate Mixtures of Na+
and Cs+

3.1



Each electrode or membranehad an exposed areaof 10 cm2, resulting in approximately 1.5 cm3
for the volume of each compartment. The system was operated in a one-pass mode without recy-
cling. The anolyte, catholyte, and feed solutions were pumped from their reservoirs to their respec-
tive cell compartmentswith a MasterFlex®Model 7567 pump unit (Cole Palmer,Niles, IL). The unit
was capable of driving three peristaltic pump heads simultaneously on a single drive shaft. The sys-
tem tubing material was primarilyPFA Teflon® with the exception of a small portion within the
pump heads, which was Tygon® R-3603. Gilmont (Barrington,IL) direct reading flow meters of
glass andPTFE Teflon® were installed on the inlets and outlets of the cell, and minor flow adjust-
ments were made with micrometervalves on the downstreamside. This ensured that all three com-

partmentshad equal pressure drops, thereby decreasing the possibility of cross-flow between
compartments.

The electrical driving force for the ion separationwas providedby a PAR Model 175 Universal
Programmerin conjunction with either a PAR Model 173 or Model 371 Potentiostat/Galvanostat
(EG&G,Princeton, NJ). The Model 173 was used for Na+/Cs+concentration ratios of I and 10, while
the Model 371 was necessary for the ratio of 100 because of the large currentsgenerated. All experi-
ments were run in a traditionallinear or cyclic voltammetricprocedure. The Model 175 was used to
vary the potential from approximately2 to 9 volts at scan rates ranging from I mV/s to 5 mV/s. The
voltage and currentdata were collected by a Macintosh llcx computer through an analog-to-digital
board(National Instruments,NB-MIO-16H, Austin,TX). The dataacquisition board was 12-bit,
correspondingto a resolution of 2.44 mV. The computer acquisition rate was approximately
1.5 seconds and was controlled using LabVIEW2software (National Instruments,NB-MIO-16H,
Austin, TX).

For the laboratory-scale unit, all three compartmentswere pumped with 18 MKlcmwater to
balance the flows and check for leaky seals. The reservoirs were then switched to the appropriate
solutions and pumping resumed. Samples from each of the effluent streams (anolyte, catholyte, and
feed) were separately collected from mid-stream. The total volume collected was typically 10 mL
andvaried slightly, depending on the operating flow rate.

3.1.2 Bench.Scale Equipment

The bench-scale apparatuswas a commercially available unit purchased from Tokuyama Soda
Co., Ltd (Model TS-I-10) with an electrode areaof 100 cm2. Although the unit had the capability of
operating from I to 10 cell pairs, only a standard three compartmentwith one cell pair was used. The
cell geometry was a flat-plateand frame configuration with an anode, cathode, charge-selective mem-
branes, gaskets, and spacers. The anode andcathode were platinumizedtitanium, which provides
excellent chemical resistance against the aggressive acidic and alkaline streams. The cationic mem-
brane was a Neosepta CMX, and the anionic membranewas a Neosepta AMX, both were standard
grade. Mesh spacerswere used to provide a channel for fluid flow and promote turbulencewithin the

•electrodialyflc cell compartments.

Figure 3.2 shows a schematic diagramof the hench-scale apparatus. The system consists of
the TokuyamaSoda cell, feed tanks, a power supply, and four centrifugal pumps with associated
flowmeters. The power supply was a Model 730 "Boss" Electrochemical Process Control Unit
(Electrosynthesis Co., Inc., Lancaster, NY). The Boss-Unit operates from 240 V AC and provides an
output voltage of 60 V and a currentof 50 A. The Boss-Unit also controls four 0.07-hp fluid pumps
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Figure 3.2. Block Diagram of the Large-Scale Electrodialysis System Showing All Streams
Recycling

usedtocirculatetheanolyte,catholyte,andfeedstreams.Thecellcurrent,voltage,andsolutionflow
rates are continuously monitoredby the Boss-Unit. For personnel safety, control limits can be set
and if these values are exceeded duringoperation, the Boss-Unit will immediately shut down all
power to the system.

A small modification was made to accommodate experiments that did not recycle the three-
compartment streams. For these "once-through" experiments, 10-L carboy tanks were installed to
increase storage capacity. The flow ratesused for all experiments rangedfrom 0.42 L/min to
0.48 L/rain. As with the laboratory-scaleceil, all three-compartmentflows were startedbefore a
potential was applied across the electrodes to identify any leaking seals or unbalance flows.

3.1,3 Solution Preparation and Analysis

Different solutions were used for the laboratory- and bench-scale experiments. For the
laboratory-scale experiments, the reagents used were sodium nitrate(ACS, Aldrich, Milwaukee, WI),
cesium nitrate(99.999%, Aldrich, Milwaukee, WI), potassium hydroxide (AR, Mallinkrodt,Paris, KY),
andnitric acid (AR, Mallinkrodt,Paris, KY). These reagents were used as received. All solutions were
preparedwith 18.2 Mt'lcm water(Milli-Q UV Plus, Miilipore Corp., Bedford, WA). For the bench-
scale apparatus,the reagents used were nitric acid (61-71%, J.T. Baker, Philipsburg,NJ), sodium

• nitrate (technical grade, Noah Technology Co., San Antonio, TX), and potassium hydroxide (tech-
nical grade, Noah Technology Co., San Antonio, TX).

An InstrumentationLaboratory451 AA/AE Spectrophotometer was used to determine the
sodium and cesium concentrationsin each effluent stream. Atomic emission was used to measure the
sodium concentration, while atomic absorption was used to quantify cesium. The errorin each meas-
urement was estimated to be 4% and was completely dominated by the instrumenterror.
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3.2 Results and Discussion

The electrodialysis system was characterizedby a dimensional analysis (discussed below) to
show theextent of scale-up capabilities. The mass transfercharacteristicswere shown to behave
similarly to other parallel flat-plateconfiguration systems. The empirical expression presented here
demonstratesthat large-scale equivalent ion separation by electr0dialysis is readily achievable. Pre-
Uminaryexperiments with the bench-scale unit indicate it behaves similarly to the laboratory-scale
apparatus.

3.2.1 Laboratory-Scale Experiments

The results of the laboratorystudy are depicted by the figures and equations below. Figure 3.3
shows a representative cyclic voltammogramfor an electrodialysis experiment with an aqueous feed
solution of 10 mM NaNO3 and 10 mM CsNO3. The anolyte and catholyte consisted of 56-mM
solutions of HNO3 and KOH, respectively. Each solution was pumped at a rateof 5 mL/min, and the
voltage was rampedat I mV/s. Little hysteresis was observedin the reverse scan, andincreasing the
scan rate by as much as a factor of 5 had no noticeable effect. The voltammogram exhibits the
characteristicS-shape observed for mass transferlimited systems.

The curve contains three distinct regions in which different mechanisms control the current(see
Section 2.4). In the first region, the behavior is approximately ohmic, corresponding to the existence
of a quasi-equUibrlumstate at the interface between the membrane and the solution. This is followed
by a second region where a "transport-limited"currentplateau is observed. In this situation, the cur-
rent is limited by the rate of mass transferacross the stagnantboundary layer adjacent to the

200

150

SO

0

2 3 4 $ 6 7 8 9

Applied Voltage, volts

Figure 3.3. Cyclic Voltammogram for an Electrodialysis Experiment Involving an Aqueous
Feed Solution of 10 mM NAN03 and 10 mM CsNO3 at a Flow Rate of 5 mL/min
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membrane surface, with the concentrations of the species that carry charge through the membrane
approaching zero at the membrane surface. The final region is characterized by a rapid current
increase with increasing voltage and a correspondingincrease in signal noise. The cause of this
behavior has been the subject of several studies (Rosenberg and Tirrell 1957; Gregor and Peterson
1964; Block and Kitchener 1966; Brady and Turner 1978; Makai and Turner 1978). These initial
reports postulated that the currentincrease is due to the oxidation and reduction of water at the
membranes. However, more recent results (Rubinstein and Shtilman 1979; Rubinstein and Segel
1979; Rubinstein 1981; and Bassignana and Reiss 1983) indicate that the phenomenon may be
caused by a breakdown in electroneutrality adjacentto the membrane surface, or perhaps a combina-
tion of the two effects (Taky et al. 1992a,b).

[

Increasing the flow rate to 10, 25, and50 mL_in resulted in the behavior shown in Figure 3.4.
As the fluid velocity increased, the transport-limitedcurrentincreased from 18 mA to 24, 36, and
50 mA, approximately with the square root of the velocity. Such behavior is expected. In the
transport-limited current region, the rateof mass transferacross the boundarylayer will vary linearly
with the boundarylayer thickness (Helfferich 1962), which, in turn,varies with the square root of the
fluid velocity (Blasius 1908).

From Figures 3.3 and 3.4 it is clear that a limiting currentcan easily be measured. This value
can then be used in a dimensional analysis to provide a correlationbetween mass transport

20 5mUmin

0

2 3 4 5 6

Applied Voltage, volts

Figure 3.4• CurrentVersus Voltage Response for Flow Rates of 5, 10, 25, and 50 mL/min
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characteristicsandfluidflowconditions.ThedesiredrelationshipisgivenbyEquation(I7).Inthis
case,themasstransfercoefficientinEquation(14)isobtainedfromthemeasurementofthemass
transferlimitingcurrentby:

ilim
krn-

zFACb (26)

A log-logplotoftheShnumberversustheRe numberwillprovidetheconstantsa andb in
Equation(17).As mentionedabove,theScexponentisusuallyassigneda valueofI/3,basedon
known hydrodynamictheory.

Figure 3.5 shows such a plot using the following parameters: Cb= 20 mM, _ = 0.01 g/cm.s, p =

1 g/cm3, D = 1.70 x 10-s cm2/s [the molar average for sodium and cesium (Hamed and Shropshire
1958a,b)], and de = 0.375 cm [the equivalent diameter of the laboratory-scale flow cell (Knudsen and
Katz 1958)]. Figure 3.5 indicates a relationshipof:

Sh = 1.ORe°'44Sc1/3 (27)

1.8

1.7 Sh = 1.0 Re0.44 ScI/3

_., 1.6

1.4

1.3

0.6 0.8 1.0 1.2 1.4 1.6 1.8

Log (Re)

Figure 3.5. Log-Log Plot of the Sherwood Number Versus the Reynolds Number
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Walsh (1993) has tabulated numerous correlations for parallel flat-plate flow cells,' and the fitted
constants obtained here agree well with the expected values (also refer to Table 2.3 for typical
constant values for a parallel flat-plateconfiguration). This dimensional analysis verifies that this
technique can easily be scaled for field applications. The next step is to determinehow well cesium
can be separatedfrom sodium.

The separation efficiency is a useful parameterfor determining the feasibility of separating
sodium and cesium ions by electrodialysis. The separationefficiency, a, is defined as the ratio of the
fraction of cesium that passes through the cationic membraneto the fraction of sodium that passes
through the cationic membrane. It is expressed as:

where [CS+c,tholyw]is the concentration of Us+ in the catholyte effluent, [CS*Feed] is the concentration
of Cs+ in the entering feed, [Na+cmolyte] is the concentration of Na+ in the catholyte effluent_and
[Na.Feed]is the concentration of Na+in the entering feed.

Figure 3.6 shows the separation efficiency plotted as a function of the currentnormalized to the
transport-limited current. For each flow rate, a maximuma value of 2 to 3 occurs at currentsbelow
the transport-limitedvalue, indicating the cationic membrane is preferentially allowing Cs+ to trans-
port into the catholyte. At currentsabove the transport-Umitedvalue, a decays to a constant value
ranging between 1.2 and 1.3.

4
o $ ml/ndn

a 10 mi/min

• 25 ml/min
3

• M ml/min

0

0 2 4 6 g 10

UI L

Figure 3.6. SeparationEfficiency as a Function of the CurrentNormalized to Its Transport-Limited
Value for Flow Rates of 5, 10, 25, and 50 mL/min
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This behavior is consistent with that Observedby Rubinstein (1984) in an investigation of
valency-induced counterion selectivity of ion exchange membranes. At currents below the transport-
limited value, the membrane composition is near its quasi-equilibrium value and the system selectivity
is predominantly membrane-determined. At higher currents, the higher flux of Cs+ through the
membrane leads to its depletion in the stagnant boundary layer and a corresponding shift in the
equilibrium Cs+ concentration in the membrane. The result is a decrease in the membrane selectivity.
As the currentincreases further,both Cs+ and Na+ are strongly depleted from the boundary layer,
and transportacross the boundary layer becomes the limiting step of the process. Under these con-
ditions, most membraneselectivity is lost and the separationefficiency is determined by the relative
mobilities of Cs+ andNa.. A comparisonof the diffusivities of Cs+ and Na+ (Hamed and Shropshire
1958a,b) shows good agreement between the experimental (1.2 to 1.3) and theoretical (1.27) values
of ct at currentsabove the transport-limitedplateau.

The effect of increasing the sodium nitrateconcentrationrelative to that of the cesium nitrate is
shown in Figure 3.7, with the separationefficiency plotted versus the normalized current. It is
observed that the separationefficiency decreases slightly as the sodium nitrate concentration
increases. However, the ctvalues fall within the same rangeas those in Figure 2.5. As with the pre-
vious data, the maximum separation efficiency occurs prior to the transport-limitedcurrent plateau.
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Figure 3.7. Separation Efficiency as a Function of CurrentNormalized to Its Transport-Limited
Value for Na+/Cs+ConcentrationRatios of 1, 10, and 100; a Cs+ Concentration
of 10 mM; and a How Rate of 10 mL/min
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As mentioned earlier, numerous studies have focused on understandingthe cause of the current
increases beyond the transport-limitedplateau. This question is addressed here by calculating the
currentefficiency, _, defined as the fraction of currentpassing through the membrane that is carried
by the sodium and cesium ions:

-- lNa+ . Its+i (291

!

where

IN,,+ = QF[Na+c.tholy_] (30)

..1. ]I

I is the total current passed, and Q is the volumetric flow rate. Figure 3.8 shows the current efficiency
as a function of the normalized current for a flow rate of 10 mL/min, and Na+ and Cs+ concentrations
of 10 mM. Similar behavior was observed for the other experiments.

If the rapid currentincrease beyond the limiting value was exclusively due to water splitting, the
currentefficiency of Na+ and Cs+ would decrease at currentsabove the transport-limitedplateau.
Throughout the range of currents covered, the current efficiency was relatively constant at 0.60 to
0.65. This implies the increased current resulted from a proportional increase in each of the ion
fluxes across the membrane, rather than water splitting at the membrane. Another possible explana-
tion for the increased current is the physical breakdown of the ion exchange membranes. However,
the lack of hysteresis in the cyclic-voltammogram shown in Figure 3.3 suggests that this is not the
case.

The one data point in Figure 3.8 that does not fall in the 0.60 to 0.65 range is the first at I/IL =
0.28. It is believed that, at this low current,the contributions of the diffusive flux across the mem-
brane and/or leakage around it are comparable to the migratory flux, resulting in an apparent
efficiency of greater than unity. This is supported by the presence of Na+ and Cs+ in the anolyte
stream at concentrations comparable to those necessary to cause the excess efficiency.

3.2.2 Bench.Scale Apparatus

The bench-scale unit was used primarily for sodium nitrate separation to form nitric acid and
sodium hydroxide. This system was chosen as a model system to demonstrate the ability of salt split-
ring and to identify the limiting current for larger geometry. Figure' 3.9 shows the current response
as the voltage was ramped at a rate of 100 mV/min. The feed solution was 0.1 M sodium nitrate, the
catholyte was 0.01 M potassium hydroxide, and the anolyte was 0.01 M nitric acid. From Figure 3.9,
a limiting current plateau is clearly evident. The transport-liming current for these conditions is
approximately 70 mA. Duplicate experiments were run to demonstrate the reproducibility of the
measurement.Above an applied voltage of 3 volts, it is believed the measured currents deviate
because of slight differences in feed concentration and flow-rate variation.
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Figure 3.8. Current Efficiency of Na+ and Cs+ as a Function of the Normalized Currant
for a Solution of 10 mM NaNO3 and 10 mM CsNO3, and a Flow Rate of
10 mL/min
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Figure 3.9. Current as a Function of Applied Potential Indicating the Mass Transport
Limiting Current for the Bench-Scale Apparatus Operating at 0.42 L/rain
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Figure 3.10 shows the measured current as a function of voltage for various flow rates. Over a
large voltage range, the current response is reproducible for the three flow rates examincd. The cur-
rent displays the expected linear behavior obtained by other investigators at high applied potentials
(Walsh 1993). At these high voltages, side reactions dominate the current and are assumed to be a
combination of water splitting and ionic transport. However, the partitioning between these two mech-
anisms is not discernible from these data. This issue is beyond the scope of this work but can be
addressed in future studies.
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Figure 3.10. Current Versus Applied Voltage for Flow Rates of 0.42, 0.37, and 0.17 L/rain
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4.0 Conclusions

Electrodialysis has been shown to be an effective method for the separationof monovalent
cations, specifically, sodium and cesium ions in aqueous solution. The largest separationof Cs. and
Na. occurred at currentsbelow the transport-limitedcurrentplateau where the flux is limited by the
rate of transportacross the membrane, rather than across the stagnant boundary layer. At these
currents, the flux of cesium across the membrane was two t_ three times greaterthan that of sodium.
The magnitude of the separationefficiency remained essentially constant for [Na,]/[Cs+] concentra-

• tion ratios up to 100. This result suggests that the separationefficiency of the system is membrane-
specific, allowing different separations to be performedby judicious choice of membranes pairs.

The current efficiency for sodium and cesium remained constant for currents up to eight times
the limiting value. This information provides insight into the mechanisms that contribute to the rapid
increase in currentbeyond the limiting current. For the system examined here, the increased current
resulted from an increase in sodium and cesium flux across the cationic membraneand not exclu-
sively from water splitting at the membrane.

For Hartfordwaste applications,the ability to separateequivalentions is very attractiveand
opens the possibility of applying electrodialysis to a wide variety of systems with appropriatechoice
of operating conditions and ion-selective membranes. Electrodialysis has the ability to separate ions
of opposite charge, ions of different valence state, and, as shown here, ions of equal valence state.
This accommodates applicationswhere selective ion separationis desired, such as tank waste pretreat-
ment. Also, electrodialysis can easily be designed as the primary treatment or incorporated into an
existing facility for secondary ion separation.

The approach is most cost effective at low concentrationswhere costs of other methods such as
reverse osmosis and evaporation are high. The technique also creates minimal secondary waste which
is abundantin other methods. However, before electrodialysis can be implemented for nuclear waste
remediation, the radiological stability Ofthe ion-selective membranesmust be evaluated. This task
was beyond the scope of the present work, but it is anticipated thatexposure to low gamma radiation
fields will not significantly degrade the polymer-based ion-selective membranes.
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Appendix

An Abbreviated List of Commercially Available Ion
Exchange Membranes Used for Electrodlalysis

, Membrane Type Ion Th'i(:_'nes's'"Resistance Perse|ecti_,,ty
Exchange (ram) 0.$N NaCi 1.0/0.$N KCI
Capacity 25°C (%)

. (meq/g) (f_.cm 2)

Asahi"_hemicallndus_ ,:ompany,,Ll_i,,Chiy_.,a.ku,1 0kyo, Japan ' ..............
K 10l [ Cation 1.4 l 0,24 2,1 ......91

A Amo .... ....l.........23
....... ........... 45

As_ Olus CompanyLtcL,Chl},_-ku, T'oky0",Japan.......[ i J i ii iiii iii

L ...._V Cadon _,i,4, "; bli5 i 2.9 95_V _ + ...........Amon 1._ ' 0.14_ 2-4.5 92
..... i '"="""" .......... i

ASV Anion 2.I 0.15 2,I 9i
- , 1111ii ............. ___ [H i i lille i ii H I I II

'DMV Cation . 0.15L - -
:_emion® cation......................o 11, +i, ,l.

lonac chemical Company, SV'_o.nCorporation;"'Bi_ingham.NJ080_ i. U.S.A.
MC-34v0 c_'! 1.5.... 0.6.... (_m 6_.... - - .---- J + . iii lllljl ii iiii i i iiiiiii[ ii it ii -+ ii iii

MA 3_7_ Anion 1.4 0.6 - 5-13 ' 70. .__ II lil_ I lilrmll r I IIIL I r I IN IIII II m _ rrlrlr iiii I iiiii

M{.;3142. t21non .... 1.1 0.8- _-IO -.... _ it i i iiiii i ii

3t48 ,_m 0.8 o.8 .......z2.7o, 85i[ i iiiiii .......... __1 iii iii i iiiii ii

lo_cs Inc. Wamr,0Wn,MA 02172,U.S.A.
61AZL386 "" _' 0 5' ' - "t._on 2.3 .............. . 6

-'61_89 cation' 2'6......... t'2...................... -
61'_386 ' Cation '2.7' " 0:6...... 9
103QZL386 Anion ' 2.t .... 0.......... ' .... 6 ' - ....... ............63 .............
103PZL.386 Anion 1.6 1,_ - 21 -
-2'04PZL386 Anion 1.9 " 0:57 "8 ...... -
204S_3"86 _on 2.2 0.5 .... 7 '..............-

-_U386 Amon"t,, ,2.8 0.57 ' 4 ...... -
Ou Pont C0mpany,wilm_hemn , DE 19!98, U.SA .............

m11_....I.....Ca_on.....i '"0.9 ' 0.2 ...... 1.s ' :.......
N9ol I Cal_on [ !.1.......... .....0.4 3.8......... 96

Pall _ Inc.,.I:lauppauge,NY 11+88: tI,S.A .........
R-S010-L Cation 1'5............ 0.24 .......... 2-4 ............ 85
R-5010-H 'Ca/ion 0.9 ...........0:24 ' 8-12 ....95 ......
R-5030-L ....Anion'........................1.0 0.24 4-7 8'3
R-5030-H Anion 0.8 0.24 ......l1-_ 87

li|Hi illl._

•* 8_R-1010 Cation'' 1.2 ...........0.I 0.2-0.4
R-1030.... Anion 1.0 ..... 0.1 " 0:'_-I.S ' 8!

' _one:.Pouienc.Chemi=GmbR Franldurt,Germany ....................... o.6 .......
_ I _on ....... 18 l 05 .... I 69 ..........79 ....

Tokuym +oc_Compan,,Ltd.,Nish!:ShimbUhi,Minato-____;T0kvo (05;Japan ...........
_'£: ....Ca_ion 2.0 .......... _):18 _ 2.9 " j 8"I ....
AC_-4_ _On ...... 1.4 ..... 0.i5 _' 2.4 ......... 90
AC_ 'Amon t_ ...........o._2......_5 .....

'"" llm t H m•

A.I



AMH Anion 1.4 0._7' 1I- 13 -
-- iii ii i iii i uiH i ii iicMS .... o t_......... ",_,_C.ation >2.0 . 1.5-..5 -

.... 2 2"_........ .ACS Anion > 1.4 0.18 - .
- It l I l I l l II l]IIIII lllf I

AFN ..... Anion <3 ._'" 0.15 0,4-1.5__ ,,,, I e

.... AFX Anion I,._ ................ 0,14 1-1.5 -t

o
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